pretation of "buried caps" as indirect evidence for previous plaque ruptures is still under debate. Acknowledging that plaques in mice by nature differ from those in humans [20] , unequivocal proof of spontaneous plaque disruption in mice currently does not exist. We observed symptoms suggesting spontaneous plaque disruption in the right brachiocephalic artery of a 50-week-old male ApoE -/mouse. This animal was part of a study which aimed at the quantification of carotid atherosclerotic neovascularization with targeted microbubbles and ultrasound. To the best of our knowledge, this is the first in vivo observation of the actual event of possible spontaneous plaque disruption in a living mouse.
Introduction

▼
Atherosclerosis is a lipid-and inflammationdriven disease of the arteries that leads to development of plaques. Plaque disruption, either by rupture of the fibrous cap or dissection of the plaque from the tunica media [1, 2] , is the main cause of cardiovascular events, such as stroke and myocardial infarction [3, 4] . While human plaque histopathology provides valuable data on plaque disruption [3, 5, 6] , there is an urgent need for representative animal models in which prospective examination of the events leading up to plaque disruption, the disruption itself, and the effect of plaque stabilizing therapies can be studied. The most abundantly used animal model to study atherosclerosis is the mouse. However, whether plaque disruption actually occurs in mice has been a matter of debate in the past decade [7] [8] [9] [10] [11] [12] [13] . Features suggestive of plaque rupture in apolipoprotein E-deficient (ApoE -/-) mice with spontaneously developed unstable atherosclerosis in the brachiocephalic artery have been reported [14] [15] [16] [17] [18] [19] . However, these were criticized by Schwartz et al. [7] , who suggested that the reported findings may actually be sectioning artifacts, intraplaque hemorrhage, or a completely different form of lesion disruption not seen in human plaques. Furthermore, the inter-air at the rate of 160 strokes per minute. The left jugular vein was exposed, and a heat-stretched polyethylene-25 cannula was inserted (1.5 cm) and subcutaneously guided to the neck of the mouse. Here the catheter was fixed, extended, filled with heparinized saline (10 U/ml), and plugged. The animal was placed on the Vevo Rail System heating stage (VisualSonics Inc. Toronto, Canada) and ultrasound imaging was performed. A series of injections were done using a programmable syringe pump (11 Pico Plus Elite, Harvard Apparatus, Kent, UK) at a rate of 600 μL per minute. The interval between ultrasound contrast agent (UCA) injections (100 μL per injection) was 20 min to prevent a sudden increase in blood pressure due to volume overload. All animal work was approved by the regulatory authorities of Maastricht University and performed in compliance with the Dutch government guidelines.
Ultrasound imaging
UCA was prepared from Target-Ready Vevo MicroMarker contrast agent (VisualSonics Inc. Toronto, Canada) according to the manufacturer's instruction. Microbubbles were targeted with biotinylated antibodies against α v β 3 -integrin (cat. no. 551380, BD Biosciences, San Jose, CA, USA) for making targeted UCA. An inactive form of biotinylated IgG(κ) (cat. no. 553923, BD Bio-sciences) was used for making control UCA. In order to check the specific binding of the targeted UCA to the αvβ3-integrin receptors in the animals, pure antibodies (200 µl with concentration of 0.5 mg/mL, cat. no. 550024, BD Biosciences) were injected to block the receptors after injection of the first targeted UCA. Then, another injection of the targeted UCA was performed. A high frequency pre-clinical ultrasound scanner, with a 256-element linear array transducer (Vevo 2 100 with MS250 probe, VisualSonics Inc., Toronto, ON, Canada) was operated at 18 MHz. The system was operated at 10 % transmit power in the contrast mode with a wide beam width, resulting in low and uniform transmit pressure over the imaging depth (~400 kPa, MI of ~0.09). Side-by-side B-mode and nonlinear contrast mode (Nonlinear Fundamental [21] ) images were acquired with a frame rate of 20 frames per second. The field of view was 11 mm deep and 17 mm wide. The focus of the transducer was set at 7 mm where the upper wall of the right common carotid was located.
In the field of view, part of the aortic arch, the right brachiocephalic trunk, the right common carotid artery and its bifurcation were visible. In the imaging field, the right salivary gland was located on top of the right carotid. 
Tissue collection and histology
At sacrifice blood was drawn from the right ventricular apex. Subsequently, the mouse was gently perfusion fixed via the left cardiac ventricle with sodium nitroprusside (0.1 mg/ml; Sigma-Aldrich, Seelze, Germany), followed by 1 % paraformaldehyde (PFA). The right carotid artery including the brachiocephalic artery was excised, fixed in 1 % PFA for 24 h, and paraffin-embedded. The right carotid artery was serially sectioned (4 µm), and stained at 20 µm intervals with Hematoxylin and Eosin (HE, Sigma-Aldrich) [22] for microscopic examination by an experienced cardiovascular pathologist (M.D.). Serial sections were stained with the Martius Scarlet Blue (MSB) method to detect fibrin/fibrinogen as bright red, and Perl's Prussian Blue for Ferric Iron [22] .
Results
▼
• ▶ Fig. 1a shows the anatomical structure of the animal in the and the first targeted UCA ( • ▶ Fig. 1b, e, Supplementary Video   1 ). During injection of α v β 3 -integrin antibody, 42 min after the first injection, a sudden cessation of flow through the right common carotid artery was observed. Flow cessation coincided with a decrease in right common carotid pulsation followed by vessel constriction ( • ▶ Fig. 1f, Supplementary Video 2) . Flow cessation in the right common carotid continued for approximately 30 min. At this time, another injection with targeted UCA was performed. During the first 5 s after arrival of the microbubbles in the aortic arch, hardly any microbubbles passed through the occluded area in the brachiocephalic trunk ( • ▶ Fig. 1c, Supple- mentary Video 3). Then, microbubbles slowly started to pass through and reached the right common carotid in the next 10 s. Strikingly, flow through the salivary gland was not restored Fig. 1d, Supplementary Video 3) .
Histological analysis revealed plaque disruption in 3 advanced atherosclerosis lesions ( • ▶ Fig. 2 ) associated with intraplaque hemorrhage and fibrin/fibrinogen ( • ▶ Fig. 2c, f, i, l, o) . Plaques with iron deposits (Perl's staining in • ▶ Fig 2b, e, h, k, n) , indicative of remnants of old hemorrhage, and with fibrin/fibrinogen deposits (MSB staining in • ▶ Fig. 2c, f, I, l, o) , were present in the brachiocephalic trunk ( • ▶ Fig. 2a-i) and at the bifurcation of the brachiocephalic artery into the right subclavian artery ( • ▶ Fig. 2m-o ) and the right common carotid artery ( • ▶ Fig. 2j-l) .
Dissection of the plaque from the tunica media was observed at the bifurcation in both lesions. The presence of fibrin/fibrinogen at the point where the plaque is still connected to the tunic media suggests this dissection occurred in vivo and was not an artifact due to histological processing.
Discussion
▼
In a contrast-enhanced ultrasonography study aimed to quantify carotid atherosclerotic neovascularization with microbubble targeted to α v β 3 -integrin in an ApoE -/mouse, we observed a live sudden flow cessation which coincided with a decrease in right common carotid pulsation and vessel constriction. Subsequently, we investigated the possible cause for this phenomenon by histological analysis of the affected carotid artery and brachiocephalic trunk. The presence of advanced atherosclerotic lesions in the brachiocephalic trunk, with dissections, points towards a possible plaque rupture as the cause of the observed arterial occlusion. To the best of our knowledge, this is the first study to report a live case of possible plaque rupture in ApoE -/mice. We observed dissection and intraplaque hemorrhage, which is a common feature of complex lesions preceding acute ischemic events and is considered a characteristic of previous plaque rupture in mouse models of atherosclerosis [19, 23] . However, we did not detect a luminal thrombus or cap rupture, which is a key criterion for plaque rupture in human atherosclerosis.
The standard definition of plaque rupture in humans is considered cap disruption of a fibroatheroma with a luminal thrombus communicating with the underlying necrotic core [3] . This definition was extended to animal models [5] . Nevertheless, not all criteria of plaque rupture in humans can be transferred to animals [24, 25] . A luminal thrombus communicating with a ruptured fibrous cap is very uncommon in ApoE -/mice, possibly due to a much higher rate of thrombolysis due to low levels of plasma plasminogen activator inhibitor-1 and thrombin-activated fibrinolysis inhibitor in mice compared to humans [15] [16] [17] . However, we did detect fibrin/fibrinogen at the base of the plaques.
Besides the possibility that flow was restored because the thrombus resolved, another possibility for the temporary occlusion is embolization of either plaque material or a thrombus. Our observation that flow was not restored in the salivary gland could point to an obstruction distal to the internal right common carotid artery and supports the latter hypothesis. At the same time, we cannot ignore the possible impact our handling of the animal had on the plaques. Firstly, the animal was exposed to multiple injections, which could have introduced hypervolemia or air bubbles. However, we consider this unlikely as the site of injection was the left jugular vein and at the time of the event only 200 µl was injected at a slow injection rate. Secondly, we need to consider possible damage generated by UCA in combination with high frequency ultrasound. It has been reported that targeted UCA and high-intensity ultrasound can have destructive effects on microvessels in the rat spinotrapezius muscle [26] and can produce regions of reduced blood flow within tumor microvasculature in mice [27] , but none of these effects were shown to occur in larger vessels like the carotid artery. Moreover, at the time of the event no high-intensity ultrasound was applied. Thirdly, the animal was subjected to physical handling, namely slight straightening of the neck and coupling an ultrasound transducer via gel to the neck. This could induce some pressure on the artery although we never observed deformation of the artery during imaging. Also, simultaneous ECG readings excluded a potential cardiac cause for the flow cessation. Finally, the occurrence of the event during antibody injection is more likely to be a coincidence since no plaque disruption induced by antibody injection has been reported. For the first time, possible spontaneous plaque disruption in the right brachiocephalic artery of an ApoE -/mouse was observed in real time with contrast-enhanced ultrasonography. Although no thrombus was found in the right carotid artery, plaque dissection from the media and presence of intraplaque hemorrhage in the advanced atherosclerotic lesions, provide the supporting histological evidence for plaque disruption as the possible cause of temporary arterial occlusion.
